Abstract Binding of divalent metal ions with intrinsically disordered fibrillogenic proteins, such as amyloid-b (Ab), influences the aggregation process and the severity of neurodegenerative diseases. The Ab monomers and oligomers are the building blocks of the aggregates. In this work, we report the structures and free energy landscapes of the monomeric zinc(II)-bound Ab40 (Zn:Ab40) and zinc(II)-bound Ab42 (Zn:Ab42) intrinsically disordered fibrillogenic metallopeptides in an aqueous solution by utilizing an approach that employs first principles calculations and parallel tempering molecular dynamics simulations. The structural and thermodynamic properties, including the secondary and tertiary structures and conformational Gibbs free energies of these intrinsically disordered metallopeptide alloforms, are presented. The results show distinct differing characteristics for these metallopeptides. For example, prominent b-sheet formation in the N-terminal region (Asp1, Arg5, and Tyr10) of Zn:Ab40 is significantly decreased or lacking in Zn:Ab42. Our findings indicate that blocking multiple reactive residues forming abundant b-sheet structure located in the central hydrophobic core and C-terminal regions of Zn:Ab42 via antibodies or small organic molecules might help to reduce the aggregation of Zn(II)-bound Ab42. Furthermore, we find that helix formation increases but b-sheet formation decreases in the C-terminal region upon Zn(II) binding to Ab. This depressed b-sheet formation in the C-terminal region (Gly33-Gly38) in monomeric Zn:Ab42 might be linked to the formation of amorphous instead of fibrillar aggregates of Zn:Ab42.
Introduction
Certain transition metal ion bound intrinsically disordered proteins have been proposed to play crucial roles in the mechanisms of severe diseases whereby the metal ion binds to fibrillogenic intrinsically disordered proteins and impacts their aggregation process [1] [2] [3] . The mechanism of Alzheimer's disease has been linked to various factors, including the formation of toxic amyloid-b (Ab) aggregates, tau dysfunction, inflammation, oxidative stress, neuron death, and synaptic impairment [4, 5] . Recently, it has been proposed that the monomeric and oligomeric forms of Ab are toxic to neurons [5] [6] [7] and that binding of specific transition metal ions, such as zinc, copper, or iron, to Ab influences the toxicity [8] [9] [10] [11] [12] [13] [14] .
In general, proteolytic cleavages of the amyloid precursor protein release Ab into the extracellular medium [15] . The c-cleavage results in various fragments of Ab that have 38-43 residues [15] . Among these various fragments, Ab40 and Ab42 are the most dominant ones and possess different features from each other: faster kinetics for fibrillar aggregation with Ab42 than with Ab40, different aggregation mechanisms, and increased toxicity of Ab42 in comparison with Ab40 have been reported [16] [17] [18] [19] . These different features depend on the differing aggregation propensities, which in turn are a result of structural differences at the monomeric and oligomeric levels. Under physiological conditions, monomeric Ab binds to Zn(II), and amorphous instead of fibrillar aggregation is promoted when the Zn(II) and Ab concentration ratio reaches 1 [20] . Surprisingly, the structural differences between monomeric zinc(II)-bound Ab40 (Zn:Ab40) and zinc(II)-bound Ab42 (Zn:Ab42) in an aqueous solution at the molecular level with dynamics are currently poorly understood. Such an understanding can aid in the design of efficient treatments, i.e., antibodies, metal ion chelators, or small organic drugs. For instance, the formation of b-sheet in monomeric and oligomeric Ab has been directly linked to the toxicity and aggregation process [21] . Therefore, characterization of residues forming certain secondary structures, including bsheet in Zn(II)-bound Ab (Zn:Ab), aids in understanding which residues should be blocked or inactivated to change or prevent the aggregation process.
Extensive spectrometric and spectroscopic measurements have been performed on Zn:Ab, and the coordination chemistry as well as the structures of Zn:Ab are debated in the current literature because of challenges provided by solvent effects, fast conformational changes, and rapid aggregation [20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . For example, the N-terminus, Asp, Glu, Tyr, Arg, and H 2 O have been proposed to be possible coordinating ligands in conjunction with the three His residues of Ab (Table 1) . Interestingly, recent isothermal calorimetry and theoretical studies have reported that Zn(II) binding to residues His6, Glu11, His13, and His14 is preferred in comparison with Zn(II) binding to the other reported probable binding sites [31, 36] . A consensus needs to be reached regarding the full-length Zn:Ab40 and Zn:Ab42 alloform structures. Theoretical studies complement experiments and provide molecular-level information with dynamics. Even though these studies provide interesting insights that are difficult to obtain otherwise, theoretical studies and in vitro experiments currently face challenges in fully capturing the impact of the in vivo environment on the predicted structures. However, theoretical studies can help to gain insights into fibrillogenic monomeric protein and metalloprotein structures via capturing solvent effects at the molecular level without the addition of nonbiological solvents or compounds for controlling the aggregation process. A limitation in metalloprotein theoretical studies is related to the lack of metal-ligand moiety potential functions that are required in molecular simulations. As a result, previous molecular simulations performed on full-length Zn:Ab used either geometry constraints for the metal-ligand moiety or parameters that were actually for the reactive sites of the human carbonic anhydrase, in which the Zn(II) ion is coordinated to three His residues and a water molecule or an OH group and not to the Glu residue [23, 37, 38] . Furthermore, the large size and fast conformational changes that override the large energy barriers associated with the intrinsically disordered nature require the use of special sampling techniques that help to overcome the multipleminima problem. It is difficult to study microsecond timescales in both the quantum mechanical and the coupled molecular mechanical regions in quantum mechanical/ molecular mechanical simulations using special sampling techniques; therefore, the application of classical molecular simulations is crucial.
Our previous studies have shown that the electrostatic interactions and charge transfer effects between transition metal ions and biomolecules govern the resulting structure of biometallic species [39] [40] [41] [42] [43] [44] [45] . Therefore, we expect that the electrostatic interactions capturing charge transfer effects of the metal-ligand moiety are crucial in determining metalloprotein structures. Potential function development has been an active area of research [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . In general, previously developed potential functions use either nonbonded or bonded models. The first utilizes the full ionic charge of the metal ion, which often results in less accurate geometries around the metal [47, 48] . The bonded model has been used to generate the metal-ligand moiety parameters that are compatible with widely established protein force field parameters [49, 50] . Useful information has been gained from such metalloprotein simulations [49] [50] [51] [52] . Here, we use the bonded model for a detailed study of the structural and thermodynamic properties of the monomeric Zn:Ab40 and Zn:Ab42 metallopeptide alloforms in aqueous solution. Our results show that these metalloprotein alloforms are disordered, but we also find interesting structural characteristics that differ from each other for Zn:Ab40 and Zn:Ab42. In addition, we compare our results for Zn:Ab40 and Zn:Ab42 with those reported for free Ab40 and Ab42 using the same techniques under the same conditions to gain insights into the impact of Zn(II) binding on the structures of the free alloforms. N ter -His6-His13-His14 [20, [23] [24] [25] [26] Asp1-His6-His13-His14 [20, 32] His13-His14-His13-His14 [27, 30] His6-Glu11-His13-His14 [22, 23, 31, 32] N ter -Glu11-His13-His14 [23] Arg5-His6-His13-His14 [33] His6-Tyr10-His13-His14 [35] N ter N-terminus of the protein [49] . These parameters were found to be compatible with the Amber force field parameters [49] . However, the electrostatic interaction parameters are missing for the Zn:His 3 Glu model. To derive the electrostatic interaction parameters via capturing the charge transfer effect and to provide parameters that are compatible with those mentioned above, we performed structure optimization and partial charge calculations utilizing the B3LYP/6-31G*// B3LYP/6-31G* method using the Gaussian 03 software package [56] (see the electronic supplementary material).
To ensure compatibility with Amber parameters, we rescaled the partial charges utilizing the restrained electrostatic potential (RESP) method; first, the heavy-atom equivalence was taken into account with the RESP method and then the hydrogen-atom equivalence was obtained via the two-stage RESP partial charge optimization procedure [57] . The presence of the metal ion requires use of the B3LYP instead of the Hartree-Fock method to avoid underestimation of the charge transfer effect [58] . The calculated energies, minimum energy structural parameters, and electrostatic partial charges are given in the electronic supplementary material. The optimized minimum energy structures obtained from these first principles calculations are in agreement with the NMR measurements of Zn:Ab16 (see the electronic supplementary material) [22] . Following previous studies, the van der Waals parameters r and e for Zn(II) were set to 1.10 Å and 0.0125 kcal mol -1
, respectively [49] . The initial Zn:Ab40 and Zn:Ab42 structures were generated by connecting the NMR-derived Zn:Ab16 structure (Protein Data Bank ID 1ZE9) with the Leu17-Val40 and Leu17-Ala42 fragments, respectively [22] . Sets of replicaexchange molecular dynamics simulations [59] were performed utilizing the electrostatic interaction parameters that we calculated along with the force field parameters reported for the Zn:His 3 Glu metal-ligand moiety [49] and the Amber ff99SB parameters [60] , which are currently one of the best parameters for the simulations of secondary structures due to the modified backbone parameters. The Onufriev-Bashford-Case generalized Born implicit solvent model [61] was used and the long-range interactions were treated with the particle mesh Ewald method using a cutoff value of 25 Å [62, 63 ]. An implicit model for water was chosen to avoid the impact of the confined aqueous volume in simulations performed using an explicit model for water. The temperature was controlled utilizing Langevin dynamics with a collision factor frequency of 2 ps -1 [62] . The initial structures were first equilibrated for 500 ps for each replica. The integration time step for each replica was 2 fs and trajectories were saved every 500 steps. The time interval for exchange attempts between replicas was set to 5 ps and 16 replicas were used in each simulation with exponentially distributed temperatures between 280 and 408 K [64] . The production total simulation time was 6.4 ls. The convergence was tested in various ways via calculating the time-dependent secondary structure component abundances and thermodynamic properties (see the electronic supplementary material). The results showed that the systems require the first 120 ns of the simulation time to converge. The reported results belong to the physiological temperature replica. Simulations utilizing an implicit water model-overcoming the confined aqueous volume effects-do not capture the impact of intermolecular hydrogen-bonding interactions between the solute and solvent molecules. Furthermore, parallel-tempering replica-exchange molecular dynamics simulations using an explicit model water performed by Prakash et al. [65] showed that the specific heat value of pure liquid water does not remain constant. Structures from the replicaexchange molecular dynamics simulations of Zn:Ab40 and Zn:Ab42 that presented an extended N-terminal region were selected to investigate the impact of intermolecular hydrogen-bonding interactions using an explicit modified TIP5P model for water on the simulated structures [66, 67] . The modified TIP5P model captures the temperature and pressure dependence of the thermodynamic properties of liquid water more accurately than the TIP3P and TIP4P potential functions. These structures were solvated with approximately 9,100 water molecules, yielding a volume of 286,188 Å 3 , and were then simulated for an additional 50 ns using the isothermal-isobaric ensemble at a temperature of 310 K and a pressure of 1.0 bar (see the electronic supplementary material). Langevin dynamics was used in these simulations [62] .
Following our recent studies [68], the thermodynamic properties were studied using the molecular mechanics/ Poisson-Boltzmann surface area method [69, 70] as well as the potential of mean force (PMF) surfaces [68] . Specifically, all converged structures belonging to the physiological temperature were used in the conformational Gibbs free energy (G) calculations utilizing the molecular mechanics/ Poisson-Boltzmann surface area method, which is widely utilized for predicting the thermodynamic properties of macromolecular biological systems. For the calculations of the PMF surfaces, we used the coordinates of the end-to-end distance (R E-E ), which is defined as the distance between the Asp1 peptide backbone nitrogen atom and the Val40 or Ala42 peptide backbone carbonyl carbon atom, and the radius of gyration (R g ). The convergence was verified by calculating the PMF surfaces at different simulation timescales. These methods are described in detail in the electronic supplementary material. The thermodynamic properties were directly linked to the analyses of the properties of the secondary and tertiary structures. The secondary structure components were analyzed using the program DSSP [71] , which uses the hydrogen-bond criteria. Following our recent studies [68] , intramolecular metallopeptide interactions were considered to exist when the centers of mass of two residues were within a distance of 9.0 Å . A hydrogen bond is defined to exist when the distance between donor hydrogen and acceptor atoms is less than or equal to 2.5 Å and the hydrogen-bond angle is larger than 113°. A salt bridge occurs between hydrogen-bonded atoms with opposite electrostatic charges.
Results and discussion
The calculated conformational Gibbs free energy surfaces based on enthalpic and entropic contributions for Zn:Ab40 and Zn:Ab42 are shown in Fig. 1 . Both metallopeptide structures override small and large free energy barriers and there is no clear relationship between the enthalpic or entropic contribution and the conformational Gibbs free energy. These findings further support the disordered nature of these metallopeptides. The calculated average thermodynamic properties, i.e., conformational enthalpy, entropy, and Gibbs free energy, for both disordered metallopeptides are listed in Table 2 . These results indicate that the structures of Zn:Ab40 are favorable owing to the enthalpic rather than the entropic contributions in comparison with the favorability of the Zn:Ab42 structures in aqueous solution. On the other hand, the structures of Zn:Ab42 are more favorable than those of Zn:Ab40 owing to a larger entropic contribution. Overall, the structures of Zn:Ab42 are about 21 kJ mol -1 more stable than those of Zn:Ab40 in aqueous solution. Despite these thermodynamic differences, it is interesting to note that both Zn:Ab40 and Zn:Ab42 have an average R g of approximately 11 ± 1.5 Å , which is about 13 % smaller than that reported for the wild-type Ab42 peptide [68] . This finding indicates that Zn(II) binding results in a more compact peptide structure. In parallel, a comparison of our thermodynamic values for Zn:Ab42 with those that we recently reported for Ab42 shows that the Zn(II) binding stabilizes the structures of free Ab42 by 310 kJ mol -1 in an aqueous solution [68] . The PMF surfaces in the coordinates of R E-E and R g are shown in Fig. 2 . There is only one most favorable basin (basin I, within the 1k B T range) for the Zn:Ab40 structures, and it is located at R g values ranging between 9.5 and 11.1 Å and R E-E values ranging between 11.7 and 22.6 Å (Fig. 2a) . The most preferred structures of Zn:Ab42 are also located in one basin (basin I) with R g values ranging between 9.6 and 10.7 Å and R E-E values ranging between 10.0 and 24.3 Å (Fig. 2b) . Our recent studies showed that the favorable structures of aqueous Ab42 are located in two basins (basins IA and IB) with different R E-E and R g values but the same PMF values [68] . These results showed that transitions between the Ab42 structures located in the most stable basins require the overriding of large energy barriers (more than 1k B T).
As shown in Fig. 2 , this characteristic changes upon Zn(II) binding with Ab42. Altogether, these findings show that Zn(II) binding impacts the thermodynamic properties of the free aqueous Ab peptide.
Secondary structure properties of the intrinsically disordered Zn:Ab40 and Zn:Ab42 metallopeptides
The secondary structure components per residue along with their abundances exhibit significant differences between Zn:Ab40 and Zn:Ab42 (Fig. 3) . The N-terminal (Asp1-Ser8) and the central hydrophobic core (CHC) regions of Zn:Ab42 adopt a more prominent helical (a-helix and/or 3 10 -helix) structure (by up to 20 %) in comparison with Zn:Ab40, except for 3 10 -helix formation at Asp7-Gly9 and Val18. A more abundant helical structure (up to 20 %) occurs at Glu11-Gln15, Asp23-Lys28, and Ile32-Val36 of Zn:Ab40 in comparison to Zn:Ab42, except for the 3 10 -helix at His14, Gln15, and Lys28. Prominent 3 10 -helix formation is detected (up to 12 %) at Lys16, Gly29, Ala30, and Gly38-Val40 of Zn:Ab42 in comparison with the structures of Zn:Ab40. In contrast, b-sheet formation at Asp1, Arg5, and Tyr10 is more abundant (up to 12 %) in Zn:Ab40 than in Zn:Ab42. Furthermore, residues located in parts of the CHC (Leu17-Ala21) and in the adjacent Glu22-Ala30 regions form more prominent b-sheet in Zn:Ab40 in comparison with Zn:Ab42, except for Leu17-Phe19 and Asp23. In addition, Ile31, Val36, and Val39 in the structures of Zn:Ab40 adopt a slightly more abundant b-sheet conformation than in Zn:Ab42, whereas the opposite trend is observed for Ile32 and Val40. Interestingly, the reported larger b-sheet abundance in the C-terminal region of free Ab42 in comparison with free Ab40 [72] is not detected for Zn:Ab40 and Zn:Ab42, except for Ile32 and Val40 (Fig. 3) . This finding suggests that increased structuring in the C-terminal region of Ab42 in comparison with Ab40 due to b-sheet formation is depressed upon Zn(II) binding. Residues Ser8-Tyr10 adopt a more abundant turn structure in Zn:Ab42 than in Zn:Ab40 (Fig. 3) . This trend was reported to be the opposite between the structures of free Ab40 and Ab42 [72] , indicating that Zn(II) binding affects the turn structure formation trend in this part of the N-terminal region. Lys16 and Asp23 adopt an about 10 % more abundant turn structure in Zn:Ab40 in comparison with Zn:Ab42. Overall, the most prominent turn structure formation (more than 30 %) occurs in parts of the N-terminal, C-terminal, and mid-domain regions of Zn:Ab42 (Fig. 3) . Except for the Asn27 residue, Yang and Teplow [72] reported a slightly greater turn structure formation at Ala21-Ala30 for free Ab42 than for Ab40. We found that the turn structure formation at Asp23 and Asn27 is slightly less prominent in Zn:Ab42 in comparison with Zn:Ab40. Except for these variations, the residues located in the Ala21-Ala30 decapeptide region of Zn:Ab42 adopt a more prominent (up to 15 %) turn structure than does the same region in Zn:Ab40.
Given that the increased b-sheet propensity has been linked to the toxicity and aggregation process [21] , it is crucial to gain insights into the residual tendencies for b-sheet formation with dynamics. Asp1, Arg5, Tyr10, Phe19-Ala21, Ser26-Gly29, Ile31, Ile32, Val36, and Val39 adopt a b-sheet conformation (more than 5 %) in the structures of Zn:Ab40 (Fig. 3 ). For Zn:Ab42, Asp7, Leu17-Phe20, Asn27, Ile32, Val36, and Val39-Ile41 adopt the b-sheet conformation with abundances greater than 5 %. Interestingly, b-strand formation with abundances greater than 5 % was reported at Arg5 and Glu11-His14 in free Ab40 [72] . The N-terminal region residues (Asp1-Lys16) of the free Ab42 peptide were reported not to adopt a b-strand structure with an abundance that is greater than 5 % [72] . In other words, the N-terminal region was shown to possess a larger propensity for b-strand formation in the free Ab40 peptide structures than in the free Ab42 peptide structures. Residues Glu11-His13 do not form an abundant b-sheet structure; however, Asp1, Arg5, and Tyr10 adopt a more prominent (up to 10 %) b-sheet structure upon Zn(II) binding to Ab40 (Fig. 3) . For the CHC region, the abundance of b-sheet increases by up to 12 % at Phe20 and Ala21 in the structures of Zn:Ab40 in comparison with those of Zn:Ab42. Instead, for the free Ab40 and Ab42 peptides, no such trend was obtained [72] . Another interesting impact of Zn(II) binding on the structures of Ab Fig. 3 Secondary structures per residue along with their abundances in the Zn:Ab40 (black) and Zn:Ab42 (red) metallopeptide structures in an aqueous solution. The p-helix and coil structures are not displayed occurs in the Ala21-Ala30 decapeptide region. Specifically, b-sheet formation in this region is more prominent for Zn:Ab40 than for Zn:Ab42 (Fig. 3) . However, an opposite trend for the b-sheet structure formation in this region was detected for free Ab40 and Ab42 [72] . The C-terminal region of the free Ab42 peptide (Ile31-Val36, Val39, Val40) and residues Ile31-Val36 of the free Ab40 peptide adopt a b-strand structure with an abundance greater than 5 % (Fig. 3) . Overall, the C-terminal region was found to be more structured based on the b-strand conformation in free Ab42 in comparison with Ab40 [72] . No such trend was found for the Zn:Ab40 and Zn:Ab42 alloforms, except at the C-terminus of Zn:Ab42.
A comparison of our data with those of reported experiments yields interesting insights. Danielsson et al. [20] reported increased structuring in the N-terminal region of Ab40 upon Zn(II) binding via NMR measurements. Our results indicate that this increased structuring might be further related to the increased helical structure formation in the N-terminal region (Asp1-Arg5) of Ab40 upon Zn(II) binding. We found the same trend for Zn:Ab42 in comparison with the reported values for Asp1-Arg5 in the structures of the free Ab42 peptide [72] . Even though NMR measurements of Zn:Ab16 reported 3 10 -helix formation at Asp7-Gly9, Glu11-His14 in Zn:Ab40 and Val12-His14 in Zn:Ab42 exhibit a 10-40 % increase in the abundance of adopted 3 10 -helical structure in comparison with the structures of the free Ab40 and Ab42 peptides [22, 68, 72] . This discrepancy might be attributed to Ab structure variations due to fragment size differences as reported previously [68] . Furthermore, NMR measurements reported deviations in the chemical shifts of Asp23-Lys28 for Zn:Ab40 in comparison with free Ab40 that were attributed to either an increase in the turn structure or the presence of an additional Zn(II) binding site [20, 26] . Based on our results, we expect that these experimental chemical shift deviations result from an additional binding site, or the helical and b-sheet structure rather than the turn structure might be affected. Specifically, we detected a decrease in abundance of turn structure at Asp23-Lys28 of Zn:Ab40 and at Asp23 and Val24 of Zn:Ab42. However, the a-helix abundance for these residues and the b-sheet abundance at Ser26-Lys28 of Ab40 and Asp23 of Ab42 increase upon Zn(II) binding in comparison with the results reported for the free Ab40 and Ab42 (Fig. 2) [68, 72] .
Previous simulations using the parameters of Hoops et al. [53] for the Zn:His 3 Glu region of Zn:Ab40 resulted in increased b-sheet formation at Leu17-Gly22 and Val36-Val40 and the opposite trend for the N-terminal region [37] . In contrast, we found that the abundance of b-sheet structure increases only at Phe20, Ala21, and Val39 upon Zn(II) binding in the structures of Ab40 (Fig. 3) [72] . We also found prominent b-sheet formation at Val24-Met35, which is in accord with NMR measurements that reported transient b-sheet formation at Lys28-Gly37 in Zn:Ab40 [26] . This trend was not observed in the previous simulations of Zn:Ab40 [37] . These differences are due to variations in the force field parameters for Zn:His 3 Glu [37] . As described above, our results show that Asp1, Arg5, and Tyr10 in the N-terminal region of Zn:Ab40 adopt b-sheet structure (more than 5 %). These are missing in the structures of Zn:Ab42, except for Tyr10, but the abundance is less than 5 %. Interestingly, quenched H/D-exchange NMR measurements suggested involvement of the N-terminal region of Zn:Ab40 rather than Zn:Ab42 in the aggregation process due to decreased solvent exposure of the Asp1-His14 region [28] . Since b-sheet formation has been associated with the aggregation likelihood of Ab, we expect that Asp1, Arg5, and Tyr10 of the monomeric Zn:Ab40 are reactive towards aggregation. Parallel to the N-terminal region, the reported b-sheet formation differences in the mid-domain and C-terminal regions between Zn:Ab40 and Zn:Ab42 from our simulations (see above) might be related to the decreased solvent exposure of Phe20-Asp23 and Ile31-Val36 in Zn:Ab40 and of Leu17-Glu22 and Ile31-Ile41 in the Zn:Ab42 aggregates as reported by experiments [28] . It is interesting to note that the C-terminal region of Zn:Ab42 adopts prominent b-sheet structure at Val40-Ala42, which might be associated with the reduced solvent exposure of the C-terminus reported by NMR measurements for the aggregates [28] . To gain insights into the impact of intermolecular hydrogen-bonding interactions with the water molecules on the exposure of the N-terminal region, we also performed additional molecular dynamics simulations utilizing the modified TIP5P model for water (see ''Materials and methods'' and the electronic supplementary material). These simulations show that the N-terminal region of Zn:Ab42 further extends into the solution in comparison with the same region in Zn:Ab40, which in turn illustrates that this reported trend is not affected by the use of an explicit model for water.
Tertiary structure properties of the intrinsically disordered Zn:Ab40 and Zn:Ab42 metallopeptides Prominent interactions occur between the mid-domain and N-terminal or C-terminal regions of Zn:Ab40 and Zn:Ab42 (Fig. 4) . Specifically, abundant interactions between Arg5-His6 and Phe20-Asp23 as well as between Phe19-Phe20 and Ile32-Gly37 are detected in the structures of Zn:Ab40 (Fig. 4a) . Interactions between these residues may also correlate with the decreased solvent exposure of Phe20-Asp23 and Ile31-Val36 observed in the Zn:Ab40 aggregates via NMR experiments [28] . In comparison with the tertiary structures of free Ab40, the interactions between the N-terminal (His6-Glu11) and mid-domain (Asp23-Lys28) regions almost disappear upon Zn(II) binding (Fig. 4a) [72] . This finding supports the NMR measurements that revealed less abundant N-terminal and middomain interactions in the structures of Ab40 upon Zn(II) binding [26] . Zn:Ab42 displays abundant interactions between Arg5-His6 and Asp23-Ser26, Gly33-Leu34 and Val39-Val40, and Phe20 and Gly38-Ile41 (Fig. 4b) . Interestingly, the interactions between Arg5-His6 and Asp23-Ser26 in Zn:Ab42 are more abundant than in the structures of free Ab42 [68], whereas the opposite trend holds true for Ab40 and Zn:Ab40. Furthermore, interactions between His13 or His14 and Val18-Phe20 are more abundant in Zn:Ab42 in comparison with Zn:Ab40. These findings might also relate to the decreased solvent exposure of Leu17-Glu22 and Ile31-Ile41 in the aggregates of Zn:Ab42 [28] . The calculated DG values indicate that the N-terminal and mid-domain interactions are more stable by 32 and 18 kJ mol -1 than those between the C-terminal and mid-domain regions of Zn:Ab40 and Zn:Ab42, respectively. Even though the C-terminal interacts with the middomain region, these interactions are less favorable than the N-terminal and C-terminal region interactions in the structures of Zn:Ab42 (DG = 52 kJ mol -1 ). The opposite trend was found for Zn:Ab40.
The PMF analysis shows that the Zn:Ab40 and Zn:Ab42 structures become more stable with more abundant intramolecular interactions between the N-terminal and C-terminal, as well as the mid-domain and N-terminal or C-terminal regions ( Fig. 5 ; see also the electronic supplementary material). Moreover, the interactions within the CHC region are more abundant with more favorable PMF values in the structures of both metallopeptides. Previous Fig. 2 ). The color scale corresponds to the probability (P) of these calculated intramolecular interactions simulations reported that the abundance of the interactions between Arg5-Glu22 and Lys28-Val40 increases upon Zn(II) binding in the structures of Ab40 [37] . When we compare our results for Zn:Ab40 with those reported for monomeric Ab40 [72] , we find the same trend (Fig. 4) . The N-terminal and Val24-Ala30 regions were reported to be more compact in Ab40 in comparison with Ab42 due to increased contacts in these regions [72] . We observe the same trend between the alloforms upon Zn(II) binding (Fig. 4) . A more extended N-terminal region for Ab42 in comparison with Ab40 has also been reported in Ab alloforms via molecular dynamics simulations performed by Urbanc et al. [73] . Overall, our results suggest that the N-terminal of Zn:Ab42 is more extended than the N-terminal region of Zn:Ab40 in aqueous solution, which agrees with the differences in the solvent exposure of the N-terminal found by experiments (see above) [28] . Thus, our results indicate that this trend is not affected by Zn(II) binding to the Ab alloforms. Additionally, we obtained the same trend with the use of an explicit water model as explained above.
Interestingly, Arg5 forms salt bridges (more than 10 %) with Asp1, Glu22, and Asp23 in both metalloalloforms ( Table 3 ). The probabilities of Arg5 forming salt bridges with Asp1 and Glu22 increase upon Zn(II) binding to Ab42 (Table 3) [68]. However, the abundances of Arg5 and Glu11 or Asp23 decrease in free Ab42 upon Zn(II) binding. The most stable Glu22 and Lys28 salt bridge in the structures of Zn:Ab40 occurs at a distance of 4.0 Å between C c and N f , whereas the stability of the salt bridge between Asp23 and Lys28 is negligible at the same distance (Fig. 6a) . The opposite trend was reported for Ab40 upon Zn(II) binding by Li et al. [37] using the force field parameters that were generated for a model in which Zn(II) is coordinated to three His residues and one water molecule. In the structures of Zn:Ab42, the difference in stability between the Lys28 and Glu22 or Asp23 salt bridges is negligibly small at a distance of 4.0 Å between the C c and N f atoms (Fig. 6b) . A comparison of these findings with our recent results indicates that the stability of the Lys28 and Glu22 salt bridge in Ab42 decreases upon Zn(II) binding (Fig. 6) [68]. Further comparison also shows that the abundance of the turn structure formed in the Ala21-Val24 region of Ab42 decreases by up to 20 % upon Zn(II) binding (Fig. 3) [68]. The probabilities of formation of the Fig . 6 The calculated probability distribution of the distance between the C c atom of the Glu22 (solid line) and Asp23 (dashed line) residues and the N f atom of the Lys28 residue in the simulated a Zn:Ab40 and b Zn:Ab42 metallopeptide structures in an aqueous solution Arg5 and Asp1 or Glu22 salt bridges increase with decreasing PMF values (see the electronic supplementary material), indicating that these salt bridges play a role in the stabilization of the monomeric Zn:Ab40 and Zn:Ab42 structures in aqueous solution.
Overall, this study shows the specific structural differences and thermodynamic properties of Zn:Ab40 and Zn:Ab42 in aqueous solution that appear to underlie the pathogenesis of Alzheimer's disease. Although the results presented here offer the first comparison of the monomeric Zn:Ab40 and Zn:Ab42 metallopeptide structures in aqueous solution with dynamics, these simulations depend on the chosen force field parameters. The inclusion of dynamic effects that capture polarizability derived from various quantum mechanical methods (Hartree-Fock, density functional theory, and multireference methods) can influence the outcome of molecular simulations. Currently, we are developing these force field parameters for a large class of metalloproteins. Nevertheless, the microsecond timescale simulation results obtained for the structural properties are in overall agreement with the findings of reported experimental studies for the full-length metallopeptides. This agreement further indicates the biological relevance of our theoretical studies.
In summary, the thermodynamics shows that the structures of Zn:Ab42 are more favorable than those of Zn:Ab40 and that Zn(II) binding stabilizes the free Ab42 structures in aqueous solution. More prominent a-helix is formed at Asp1-Ser8 located in the N-terminal region of Zn:Ab42 in comparison with Zn:Ab40. Despite, residues Asp1, Arg5, and Tyr10 adopt abundant b-sheet structure in the N-terminal region of Zn:Ab40, which disappears or is significantly depressed in Zn:Ab42. Previous studies reported a larger structuring in the C-terminal region of free Ab42 on the basis of b-sheet formation in comparison with the same region of free Ab40. Surprisingly, such a clear trend is not detected for Zn:Ab40 and Zn:Ab42, indicating that Zn(II) binding impacts this C-terminal structuring trend. It is also interesting to note that Zn(II) binding decreases the abundance of the adopted turn structure in the Ala21-Ala30 decapeptide region of free Ab40 and Ab42. We should recall that the salt bridge formations between Lys28 and Glu22 or Asp23 have been linked to the stable turn structure formation at Ala21-Ala30 in the conformations of free Ab in an aqueous medium. The decreased abundance of the salt bridge between Glu22 and Lys28 upon Zn(II) binding to Ab42 might be associated with the depressed turn structure formation at Ala21-Ala30 in the structures of Zn:Ab42 in comparison with those reported for free Ab42. The Gibbs free energy calculations show that the C-terminal region of Zn:Ab42 interacts more favorably with the mid-domain rather than with the N-terminal region. The opposite thermodynamic trend is detected for Zn:Ab40. A comparison of the tertiary structures with those reported for the free Ab40 and Ab42 peptides reveals that the intramolecular interactions between His6-Glu11 and Asp23-Lys28 are less abundant in Ab40 upon Zn(II) binding. However, Arg5 and His6 interact more abundantly with Asp23-Ser26 in Ab42 upon Zn(II) binding. Separate simulations utilizing either the implicit or explicit water models showed that the N-terminal region of Zn:Ab42 is more extended into the solution than the same region of Zn:Ab40. Our thermodynamic calculations further support this finding and show that the N-terminal region of Zn:Ab40 interacts more favorably with the C-terminal region in comparison with Zn:Ab42. Interestingly, Arg5 forms stable salt bridges with various residues in both metallopeptides.
In comparison with free Ab40 and Ab42 peptides [72] , our findings show that the helical structure formation in the C-terminal region of free Ab increases upon Zn(II) binding. Despite, b-sheet formations at Val12-Gln15, Ala21-Ala30 and Gly33-Gly38 in the structures of free Ab are depressed upon Zn(II) binding. Since b-sheet formation at the monomeric and early oligomeric levels has been proposed to be linked to the aggregation process, these reduced or lacking b-sheet formations might be associated with the formation of less toxic Zn:Ab amorphous aggregates instead of fibrillar aggregates. Furthermore, the N-terminal region extends more into the solution in the structures of monomeric Zn:Ab42 in comparison with Zn:Ab40. Given that experiments reported a more extended N-terminal region for the aggregates of Zn:Ab42 in comparison with Zn:Ab40, we propose that this trend in aggregation characteristic is related to the structural differences between monomeric Zn:Ab42 and Zn:Ab40. Antibodies blocking parts of the mid-domain and C-terminal regions instead of the N-terminal region of Zn:Ab42 might help to further depress the aggregation process and to decrease the toxicity.
